Unc93B1 and TLR9, suggesting that ARF3 conducts TLR9 trafficking by forming the TLR9-Unc93B1-ARF3 complex.
Introduction
Toll-like receptor 9 (TLR9) is responsible chiefly for innate immune responses from the recognition of unmethylated 2 ′ -deoxyribo(cytidine-phosphate-guanosine, CpG) DNA motifs, frequently present in bacteria and viruses but rare in mammalian cells, for host defense. An analysis of TLR9-deficient mice revealed that TLR9 is essential for proinflammatory cytokine production and other inflammatory responses, and it also plays a role in the induction of Th1 adaptive immune responses and the proliferation of B cells. Two crucial steps, CpG ODN uptake into endosomes and TLR9 trafficking from the endoplasmic reticulum (ER) to endosomes, are required for the activation of microbial or viral CpG DNA-driven immunostimulatory activity. Although TLR9 is required for immunity against foreign infections, the inappropriate activation of TLR9 leads to acute and chronic inflammation, in addition to autoimmune diseases such as systemic lupus erythematosus [1, 2] . The intracellular localization of TLR9 is a key factor for preventing the recognition of self-components. TLR9 is carried from the ER to the endolysosomes to interact with microbial CpG DNA from infectious viruses or bacteria [3] [4] [5] . The proper localization of TLR9 and the regulation of the trafficking route are crucial for the encounter of respective ligands as well as the subsequent inflammatory responses. Therefore, the regulatory mechanisms of the trafficking and identifying of TLR9 at appropriate destinations warrant investigation. Unc93B1, an ER-resident transmembrane glycoprotein, has been reported to be a TLR9 carrier protein, and facilitates TLR9 loading into coat protein complex (e.g. COPII) vesicles that directly transport from the ER to the Golgi apparatus via the conventional secretory pathway [6] [7] [8] [9] . However, the precise mechanisms of Unc93B1-mediated TLR9 trafficking require further investigation.
ADP-ribosylation factors (ARFs) are members of the Ras superfamily of 20-kDa guanine nucleotide-binding proteins. ARFs are ubiquitously expressed, and have multiple roles in the regulation of cellular functions including endocytosis and protein trafficking. Six related gene products exist, ARF1-ARF6, which are categorized into 3 classes based on their sequence homology, class I consisting of ARF1, ARF2 and ARF3, class II consisting of ARF4 and ARF5 and class III consisting of ARF6 [10] . The function of ARF proteins depends on the binding and hydrolyzing of GTP through a cycle between the active GTP-bound form (ARF-GTP) and the inactive GDPbound form (ARF-GDP). A common feature of GTPase ARFs cycles between a GTP and GDP-bound state is regulated by guanine exchange factors (GEFs) and GTPaseactivating proteins. Replacement of the glutamine (71) residue with leucine constitutively locks ARF3 in the GTP-bound form by sequestering GTPase-activating protein binding, which is a dominant active form of ARF3. In contrast, a substitution of threonine (31) with asparagine, ARF3T31N, leads to interference with GTP binding and maintains ARF3 in an inactive state [11] . Although ARFs have critical functions in cellular processes, studies demonstrating the precise role of each ARF in cellular biological responses have been limited, because of a lack of specific inhibitors to individual ARFs. The fungal metabolite brefeldin A has been reported to block ARFs, except for ARF6, which is transported to the Golgi body by preventing their association with the Golgi membrane and coat protein complex formation. The dependence of the ARF inhibitor brefeldin A on CpG ODN/TLR9 signaling indicates that brefeldin A-sensitive ARFs impaired CpG ODN-induced NF-κB activation by blocking TLR9 trafficking through the Golgi body [5, 12] , suggesting that brefeldin A-sensitive ARFs play a critical role in CpG ODN-mediated responses. Although the roles of individual brefeldin A-sensitive ARFs in TLR9-mediated signaling remain obscure, brefeldin A-resistant ARF6 has been found to affect CpG ODN/ TLR9-mediated responses by regulating cellular CpG ODN uptake [13] .
Three types of stimulatory CpG ODNs, types A, B and C, have been identified and characterized, each with distinct effects on the TLR9-mediated immune response. TLR9 plays a critical role in unmethylated CpG DNA/ ODN-induced innate immunity, and is linked with a role in adaptive immunity because it triggers the activation of various immune cell types. Thus, understanding the TLR9 trafficking pathway will shed light on how the immune response is activated, and is important for developing specific therapies that can efficiently fight against autoimmune diseases. In our study, we used dominant mutants and small interfering RNA (siRNA) to determine the physiological roles of ARF3 in CpG ODN/TLR9-mediated responses, in addition to the molecular mechanisms via which ARF3 regulates CpG ODN/TLR9-mediated responses. Our findings indicate that ARF3 is involved in CpG ODN/TLR9-mediated responses by regulating the trafficking and proteolytic processing of TLR9.
Materials and Methods

Reagents
Phosphorothioate-modified CpG1585 ODN, GpC1585 ODN, CpG1668 ODN, CpG1668 ODN-FITC, GpC1668 ODN, CpG1826 ODN, GpC1826 ODN, CpG2395 ODN and GpC2395 ODN were purchased from InvivoGen. Anti-Akt, anti-phospho-Akt (Ser473), anti-p38, anti-phospho-p38, anti-NF-κB and anti-phospho-NF-κB antibodies were from Cell Signaling Technology. Anti-TLR9 and anti-TLR9 (C-term) were obtained from InvivoGen or Zymed Laboratories Inc., respectively. Anti-actin and anti-HA antibodies were purchased from Millipore. Anti-Unc93B was from Imgenex. The following antibodies were used for immunofluorescence staining: anti-TLR9-FITC (Imgenex), anti-LAMP-1 (BD Pharmingen), DyLight 488-conjugated goat anti-mouse IgG, and DyLight 549-conjugated donkey anti-rat IgG (Jackson ImmunoResearch Laboratories). 625 tured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin sulfate, 200 mmol/l L -glutamine and 50 μ M β-mercaptoethanol in a humidified atmosphere of 5% CO 2 at 37 ° C. The medium was changed every 2 days for all of the experiments.
Cell Culture and Treatment
The cells were typically preincubated with or without inhibitors for 30 min before CpG ODN treatment, unless specified otherwise. The duration of CpG ODN treatment varied with the experiment. CpG ODNs with CpG dinucleotides mimic the immunostimulatory activity of bacterial DNA and induce TLR9 signaling whereas GpC ODNs contain GpC dinucleotides instead, and do not induce TLR9 activity. GpC ODNs were designed as a negative control for the TLR9 agonist CpG ODNs in this study.
Plasmacytoid Dendritic Cells and Monocyte/Macrophage Preparation
Normal 8-week-old male BALB/c mice from the National Laboratory Animal Center (Taipei, Taiwan, ROC) were sacrificed for the experiments through instant neck dislocation. Monocytes/ macrophages and plasmacytoid dendritic cells (pDCs) were then prepared from splenocytes, as previously described [14, 15] . In brief, the spleen cells were depleted of erythrocytes in 0.25× HBSS for 15 s followed by the addition of 2× HBSS and centrifugation. The cell pellet was suspended in RPMI1640 medium, and then the pDCs and monocytes/macrophages were isolated with the use of a pDC isolation kit and CD11b microbeads, respectively (Miltenyi Biotec), according to the manufacturer's instructions.
Plasmid Constructions
The expression plasmids for human MyD88 and its dominantnegative mutant (MyD88-DN) were constructed by inserting PCR-amplified cDNA fragments into the pcDNA3.1(-) expression vector (Invitrogen), as previously described [15] . Briefly, the MyD88 cDNA was generated by RT-PCR using total RNA of the THP-1 cell line as a template and the following oligonucleotides as primers: 5 ′ -GGA TCC ATG GCT GCA GGA GGT CCC GGC-3 ′ and 5 ′ -AAG CTT CTC AGG GCA GGG ACA AGG CCT-3 ′ . As the primers incorporate Bam HI and Hind III sites, the PCR product was then cloned into Bam HI and Hind III digested pcDNA3.1(-) to generate pcDNA3.1(-)-MyD88. To create its MyD88-DN construct, i.e. pcDNA3.1(-)-MyD88-DN, a truncated version of MyD88 expressing the N-terminal death domain, pcDNA3.1(-)-MyD88 was used as a template for PCR amplification using forward primer containing the Bam HI restriction site (5 ′ -GGA TCC ATG GCT GCA GGA GGT CCC GGC-3 ′ ) and a reverse primer containing the Hind III restriction site (5 ′ -AAG CTT AAT GCT GGG TCC CAG CTC CAG). The PCR product was cloned into Bam HI-and Hind III-digested pcDNA3.1(-).
Stable Transfectants
The HEK293T and mouse RAW264.7 cells were transfected with the plasmids pcDNA3-mTLR9, pcDNA3-ARF1T31N-HA, pcDNA3-ARF3-HA, pcDNA3-ARF3T31N-HA or pcDNA3-ARF3Q71L-HA with the use of FuGENE 6 or FuGENE HD (Roche Molecular Biochemicals), according to the manufacturer's instructions. Two days after transfection, a G418 antibiotic (1.0 mg/ ml) was used for clonal selection. The protein expression of ARFs in their respective overexpression stable RAW264.7 cell lines including RAW-pcDNA, RAW-ARF3, RAW-ARF3TN, RAW-ARF3QL and RAW-ARF1T31N were measured by Western blot analysis (online suppl. fig. 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000430785).
RNA Interference
Double-stranded RNAs were synthesized (Invitrogen). The following siRNA sequences were used for mouse ARF1 and mouse ARF3: 5 ′ -CAG AAC ACC CAA GGC TTG ATC TTC G-3 ′ and 5 ′ -CCG UGC UGU AUU GUC ACA AGC ACA U-3 ′ , respectively. The negative control sequence was 5 ′ -CCG UGU CGU UAC ACU CGA AAG UCA U-3 ′ . The following siRNA sequences were used for human ARF1: 5 ′ -CCT GAT CTT CGT GGT GGA CAG CAA T-3 ′ , human ARF3: 5 ′ -CCA TTG GGT TCA ATG TGG AGA CAG T-3 ′ and human ARF6: 5 ′ -CGG CAU UAC ACU GGG AUU-3 ′ . Cells were transfected with siRNA duplexes with the use of Lipofectamine 2000 (Invitrogen). Lipofectamine 2000 was diluted in DMEM without a serum and antibiotics, and incubated for 5 min at room temperature. The siRNA was diluted in DMEM without a serum and antibiotics. The siRNA was then added to the diluted Lipofectamine 2000, and incubated for 30 min at room temperature. After incubation, the transfection complex was added to the cells in a dropwise manner. The transfection medium was removed 6 h later. The cells were then washed twice with phosphate-buffered saline (PBS), and maintained in a culture medium for 48-72 h.
Luciferase Reporter Assay
Cells in 24-well plates were cotransfected with 0.05 μg p5 × NF-κB-luc (Stratagene) and 0.01 μg pcDNA3.1-β-galactosidase in addition to pcDNA3.1, pcDNA3-ARF1T31N-HA, pcDNA3-ARF3T31N-HA, pcDNA3-ARF3Q71L-HA, pcDNA3.1(-)-MyD88 or pcDNA3.1(-)-MyD88-DN with FuGENE 6 (Roche Molecular Biochemicals) overnight, as previously described [15] . The cells were incubated with or without 1.0 μ M CpG ODN for 8 h, and then lysed. The NF-κB luciferase activity assays were performed according to the procedures recommended by the manufacturer (Promega). The β-galactosidase activity was used to normalize the data.
Cytokine-Specific ELISA Cytokine levels in the culture supernatants and serum were determined in 96-well microtiter plates by using a specific sandwich ELISA (Biosource), as previously described [13] .
Western Blot Analysis
Cellular proteins were resolved using 5-20% SDS-PAGE, and were transferred to nitrocellulose membranes before blotting with specific antibodies, as previously described [16] .
Confocal Microscopy
The cells were fixed by incubation in PBS containing 3.5% paraformaldehyde at room temperature for 10 min. They were washed extensively, and then blocked with an Image-iT FX signal enhancer (Invitrogen) for 30 min at room temperature. They were subsequently permeabilized with 0.1% Triton X-100 for 1.5 min at room temperature, washed with PBS and then stained with anti-TLR9-FITC and anti-LAMP-1 at room temperature. After 1 h of staining, they were washed and counterstained with DyLight 488-conjugated goat anti-mouse IgG and DyLight 549-conjugated donkey antirat IgG for 1 h. All cells were visualized under a Leica TCS SP5 laser scanning confocal microscope.
CpG ODN Uptake
In brief, ODN1668-FITC-stimulated cells were washed with PBS, and surface-bound FITC cells were quenched using 0.04% Trypan blue. The fluorescence intensity of ODN1668-FITC cellular uptake was measured at 530 nm with flow cytometry (BD Biosciences) at an excitation wavelength of 488 nm, and was expressed as the mean value of the fluorescence intensity of 5,000 cells.
Statistical Analysis
All values were considered as the mean ± standard deviation (SD). The statistical significance of differences between the treatment groups was calculated using the Student t test. p < 0.05 was considered statistically significant.
Results
The Role of ARF3 in CpG ODN/TLR9-Mediated Responses
Brefeldin A-sensitive class I ARF1 and ARF3 have been implicated in numerous types of intracellular membrane vesicle trafficking events [10, 17, 18 ] , so we evaluated the influence of ARF1 and ARF3 on CpG ODN/ TLR9-mediated responses. First, we examined the role of ARF1 and ARF3 in CpG ODN-stimulated NF-κB activation. The TLR9-deficient HEK293T cell line treated with mouse TLR9-specific B-class CpG1668 ODN caused little, if any, increase in the NF-κB luciferase activity (data not shown). However, after the mouse TLR9 gene was stably integrated into HEK293T cells to form mTLR9-293T cells, the NF-κB luciferase activity was greatly increased by CpG1668 ODN but not control GpC1668 ODN ( fig. 1 a) . This is consistent with our previous report that inhibition of brefeldin A-resistant ARF6 suppressed CpG1668 ODN-mediated NF-κB activation ( fig. 1 a, b) . Additionally, the CpG1668 ODN-induced NF-κB luciferase activity decreased with the transient expression of the dominant-negative form of ARF3 (ARF3T31N), but not with the dominant-negative form of ARF1 (ARF1T31N) in mTLR9-293T cells ( fig. 1 a) . To further examine the role of ARF3 in TLR9-mediated NF-κB activation, siRNAs against human ARF1 and ARF3 were used to knock down ARF1 and ARF3 expression in the mTLR9-293T cells. The CpG1668 ODN-induced NF-κB activation was impaired in cells transfected with specific ARF3 siRNA, but not in those transfected with ARF1 siRNA ( fig. 1 b) . In contrast to the inhibitory effect of ARF3T31N on CpG1668 ODN-mediated NF-κB activation, the overexpression of constitutively active human ARF3 in RAW264.7 cells enhanced CpG1668 ODN-mediated NF-κB luciferase activity ( fig. 1 c) . In addition to the NF-κB luciferase results, the phosphorylation level of NF-κB p65 (Ser536) induced by CpG1668 ODNs decreased in RAW264.7 cells stably expressing ARF3T31N, but not in RAW-ARF3 and RAW-ARF1T31N cells ( fig. 1 d) .
NF-κB is a key factor in CpG1668 ODN-mediated cytokine production, so we examined the role of ARF3 in CpG1668 ODN-induced cytokine production. Cytokine production (e.g. TNF-α and IL-6) in cells after 24 h of CpG1668 ODN treatment was increased compared with that in cells treated with GpC1668 ODN. The CpG1668 ODN-induced production of TNF-α and IL-6 was impaired in RAW-ARF3T31N compared with the control RAW264.7, RAW-pcDNA, RAW-ARF3 and RAW-ARF1T31N cells ( fig. 2 a, b) . In addition, RAW264.7 cells expressing constitutively active human ARF3 enhanced the production of TNF-α and IL-6 induced by CpG1668 ODN ( fig. 2 b) . These results support the proposal that the inhibitory effect of ARF3T31N on CpG1668 ODN-mediated cytokine production is not due to the nonspecific expression of ARF3, but to the specific blocking of ARF3 activation. The crucial role of ARF3 in TLR9-mediated responses was evident in primary cells such as mouse spleen pDCs and monocytes/macrophages. The production of IL-6 induced by CpG1668 ODN was impaired in mouse pDCs and spleen monocytes/macrophages trans- fig. 3 ). In addition, the production of IL-6 and IFN-β induced by CpG1585 ODN and CpG1826 ODN was inhibited in ARF3 knockdown pDCs compared with pDCs transfected with control siRNA and ARF1-specific siRNA ( fig. 2 e; online suppl. fig. 4 ). Overall, these results suggest that ARF3, but not ARF1, is required for TLR9-mediated immune activation including NF-κB activation and cytokine production.
The activation of immune cells by bacterial CpG DNA or CpG ODN occurs through the TLR9 signaling cascade that regulates immune responses through the activation of numerous kinases, most notably p38 MAPK and PI3K. To evaluate the influence of ARF3 on the CpG ODN-mediated activation of kinases, we measured the phosphorylation level of kinases (e.g. p38 MAPK and AKT) in RAW264.7, RAW-ARF1T31N and ARF3T31N cells. CpG1668 ODN strongly triggered the phosphorylation of p38 MAPK and AKT in RAW264.7 and RAW-ARF1T31N cells whereas the inducing of kinase activation by CpG1668 ODN was impaired in RAW-ARF3T31N ( fig. 3 ) fig. 3 b) . A similar reduction in p38 phosphorylation was observed in pDCs transfected with ARF3 siRNA compared with those transfected with scramble siRNA and ARF1 siRNA ( fig. 3 c) . These results suggest that ARF3 regulation in CpG ODN/TLR9-mediated signaling occurs upstream from these kinases.
CpG ODN Stimulation Promotes the Activation of ARF3
As we demonstrated, ARF3 plays a critical role in CpG ODN-mediated responses. We next examined the activation of ARF3 with CpG ODN treatment. To evaluate the activation profile of ARF3, we monitored the levels of GTP-bound ARF3 upon CpG1668 ODN stimulation by using the ARF-binding domain of GGA1 protein fused to GST, which binds the active form of ARF3 (ARF3-GTP). At different times during CpG1668 ODN stimulation, the RAW264.7 cells expressing C-terminal HA-tagged wildtype (WT) ARF3 were lysed on ice, and the activated ARF3 was pulled down by GST-GGA1 ( fig. 4 a) . A variable degree of basal level of active ARF3 (ARF3-HA-GTP) was observed in untreated or GpC1668 ODN-treated cells and, furthermore, the ARF3-HA-GTP level was steadily increased in RAW-ARF3 cells treated with CpG1668 ODN compared to cells treated with GpC1668 ODN ( fig. 4 a) . No precipitation of ARF3 was detected when GST alone was used in the pull-down assay (data not shown). In addition, ARF3 activation was also induced by other types of CpG ODN including CpG1585 ODN, CpG1826 ODN and CpG2935 ODN ( fig. 4 b) . Taken together, these results suggest that CpG ODNs enhance ARF3 activation, thereby advancing TLR9 signaling.
ARF3 Participates in the CpG ODN-Mediated TLR9 Signaling Pathway
As demonstrated, ARF3 is involved in CpG ODN-mediated responses. We next attempted to delineate the ARF3 sequence of action in the TLR9 signaling pathway. MyD88 is a crucial downstream adaptor in the TLR9 signaling pathway [19, 20] . To determine whether ARF3 exerts its function upstream or downstream of MyD88, HEK293T cells were transiently cotransfected with a WT MyD88 expression plasmid and ARF3T31N-HA or ARF6T27N-HA plasmids. The overexpression of MyD88 induced NF-κB luciferase activity. The overexpression of ARF3T31N or ARF6T27N had no substantial effect on MyD88-induced NF-κB activation ( fig. 5 a) . In contrast, CpG1668 ODN-induced NF-κB activation was impaired in cells expressing MyD88-DN ( fig. 5 b) . CpG1668 ODNmediated NF-κB activation was increased in ARF3Q71L-overexpressed cells compared with cells transfected with the control vector pcDNA3.1; however, the dominantnegative mutant in MyD88 (MyD88-DN) expression inhibited the enhancement of CpG ODN-mediated NF-κB activation induced by ARF3Q71L overexpression ( fig. 5 b) . These results suggest that ARF3 regulates CpG ODN-mediated signaling upstream of MyD88.
ARF3 Is Involved in TLR9 Trafficking and Proteolysis
The CpG ODN uptake and the trafficking of TLR9 from the ER to endolysosomes are two critical steps that occur upstream of MyD88 in the TLR9 signaling pathway to elicit innate immune responses. In our previous studies, we demonstrated that ARF6 specifically modulates TLR9-mediated responses by regulating the uptake of CpG ODN [13, 21] . To investigate whether ARF3 participates in cellular CpG ODN uptake, we used flow cy- Fig. 2 . ARF3 is involved in CpG ODN-induced TNF-α and IL-6 production. RAW264.7, RAW-pcDNA, RAW-ARF1T31N, ARF3, ARF3T31N and ARF3Q71 cells were stimulated with medium only, GpC1668 ODN or CpG1668 ODN for 20 h, as indicated. a , b The TNF-α and IL-6 levels in the culture supernatants were measured using ELISA. * p < 0.001 for ARF3T31N or ARF3Q71L vs. RAW-pcDNA. c The pDCs were transfected with scramble siRNA, mouse ARF1 siRNA or ARF3 siRNA for 48 h, and then underwent stimulation with only medium, GpC ODN or CpG ODN for 20 h. d RAW-pcDNA, RAW-ARF1T31N and ARF3T31N cells were stimulated with medium only, GpC1585 ODN, CpG1585 ODN, GpC1826 ODN, CpG1826 ODN, GpC2395 ODN or CpG2395 ODN for 20 h. e The pDCs were transfected with scramble siRNA, mouse ARF1 siRNA or ARF3 siRNA for 48 h, and then stimulated with medium, GpC1585 ODN or CpG1585 ODN for 20 h. The IL-6 levels in the culture supernatants were measured using ELISA. Data represent the mean ± SD of 3 experiments. * p < 0.001 for ARF3 siRNA vs. scRNA or for ARF3T31N vs. RAW-pcDNA. ARF3T31N cells ( fig. 6 ). Dominant-negative ARF3 mutants had no significant effect on the level of CpG ODN uptake, suggesting that the activation of TLR9 signaling impeded by the dominant-negative form of ARF3 may function through TLR9 trafficking, rather than through CpG ODN uptake.
In resting cells, TLR9 chiefly resides at the ER, and subsequently translocates to endolysosome compartments after CpG ODN stimulation [3, 4] . To ascertain the subcellular distribution of TLR9 in RAW-ARF3T31N cells, we observed TLR9 proteins through confocal microscopy in differential types of stably ARFs-expressing RAW264.7 cells. After 1-μ M CpG ODN stimulation, TLR9 was colocalized with LAMP1, an endolysosome-resident protein, in RAW-pcDNA, RAW-ARF1T31N and RAW-ARF3 cells ( fig. 7 a, white arrows) . The TLR9 was not translocated to endolysosome compartments in stimulated RAW-ARF3T31N cells, indicating that the ARF3T31N mutant interfered with the trafficking of TLR9 from the ER to the endolysosomes ( fig. 7 a) . These results suggest that ARF3 is involved in CpG ODN-mediated responses via the regulation of TLR9 trafficking.
Recent studies have indicated that full-length TLR9 traffic migrates from the ER to endolysosomes, and matures immediately through proteolytic cleavage processing [22, 23] . Functional cleaved TLR9 recruits MyD88 to activate signal transduction, so we attempted to evaluate the involvement of ARF3 in functional receptor regulation. Full-length and cleaved TLR9 were detected in ARF3 and ARF3Q71L-overexpressing HEK293T cells, and the level of cleaved TLR9 was significantly lower in ARF3T31N-overexpressing cells ( fig. 7 b) . These results suggest that ARF3T31N suppresses TLR9 trafficking, thereby impairing TLR9 proteolysis.
As shown in figure 7 , TLR9 failed to translocate to the endolysosome in RAW-ARF3T31N cells after CpG ODN stimulation, and the level of cleaved TLR9 decreased sig- nificantly in ARF3T31N-overexpressing HEK293T cells, regardless of whether they underwent CpG ODN stimulation. In addition, the level of cleaved TLR9 in WT ARF3-overexpressing HEK293T cells treated with CpG ODN increased slightly compared with unstimulated cells, and the level of cleaved TLR9 was found to be greater in the ARF3Q71L-expressing cells, but lower in the ARF3T31N-expressing cells ( fig. 7 b) . Densitometric analysis on the immunoblots for assessing the cleaved TLR9 level revealed that this level was reduced by 68% in ARF3TN-expressing cells compared to in ARF3-overexpressing cells ( fig. 7 b) . Overall, these results suggest that ARF3 activation is required for CpG-ODN/TLR9-mediated signaling by regulating TLR9 trafficking and functional receptor formation.
ARF3 Is Associated with the Unc93B1-TLR9 Complex
The Unc93B1 protein is an ER-resident protein responsible for TLR9 sorting, and acts as a carrier protein to transport TLR9 from the ER to endolysosomes [7, 8] . To ascertain whether ARF3 is involved in Unc93B1 expression and the formation of the Unc93B1-TLR9 complex, we applied an immunoprecipitation assay to explore the interactions of ARF3 with Unc93B1 and TLR9. The Unc93B1 protein was associated with endogenous ARF3 and WT ARF3-HA after CpG ODN stimulation in RAW264.7 and RAW-ARF3 cells, respectively ( fig. 8 a, b) . The association profile emerged in a time-dependent manner ( fig. 8 c) . A high association of Unc93B1 and ARF3 was detected in RAW-ARF3Q71L cells with or without CpG ODN stimulation ( fig. 8 b) . By contrast, Unc93B1 was absent in immunoprecipitates from RAW-ARF3T31N cell lysates ( fig. 7 b) . Furthermore, TLR9 was immunoprecipitated with ARF3-HA after CpG ODN stimulation in RAW-ARF3 immunoprecipitates ( fig. 8 c) .
Overall, these results demonstrate that ARF3 activity is responsible for the formation of the Unc93B1-TLR9 complex, implicating that ARF3 is involved in TLR9 trafficking.
Discussion
Small GTPase ARFs play multiple roles in the regulation of cellular functions, including endocytosis and protein trafficking, by triggering the recruitment of coat protein complexes for forming vesicles. The fungal metabolite brefeldin A is a well-known inhibitor of ARF proteins (except for class III ARF6), and it blocks the Golgi transport by preventing ARF association with the Golgi membrane and coat protein complex formation [24] [25] [26] . Brefeldin A has been reported to block TLR9 trafficking through the Golgi apparatus, but had no substantial effect on CpG DNA endocytosis [5] . Our previous report indicated that brefeldin A-resistant ARF6 is involved in CpG ODN/TLR9-mediated responses by the regulation of CpG ODN uptake [13] . Accordingly, this evidence leads us to hypothesize that brefeldin A-sensitive ARFs and brefeldin A-resistant ARF6 may exhibit different regulatory mechanisms in TLR9-mediated signaling.
The brefeldin A-sensitive class I ARFs, ARF1 and ARF3, are thought to play a critical role in cellular trafficking. In this study, we used siRNA knockdown and dominant-negative approaches to demonstrate that ARF3, not ARF1, is involved in CpG ODN/TLR9-mediated responses including NF-κB activation and cytokine production. Our results indicate that CpG ODN-induced inflammatory responses in RAW264.7 cells and primary cells are reduced by the blockade of ARF3, but not that of ARF1. This means that only brefeldin A-sensitive class I ARF3 is involved in the TLR9 signaling pathway, rather than the entire class I ARF subfamily. These findings reveal that class I ARF1 does not have functions that are parallel with ARF3 in TLR9-mediated responses, despite both of them localizing chiefly to the Golgi complex and being redundantly required for the integrity of recycling endosomes [27] . We suppose that ARF3, but not ARF1, involvement in TLR9 signaling may be due to specific regulatory protein ARF-GEFs, which play a key role in inducing ARF activation. Different ARF-GEF subfamilies localize to distinct cellular compartments, and activate their target ARFs [28, 29] . These various physiological actions of ARF-GEFs lead ARF1 and ARF3 to play special roles in regulating different membrane traffic events. Activated ARF1 is involved in forming COPI vesicles in retrograde transport, whereas activated ARF3 is involved in forming COPII vesicles in anterograde transport [30] . The TLR9 trafficking is routed from the ER to endolysosomes in anterograde transport direction. ARF3, but not ARF1, may participate in TLR9 signaling, and our findings imply that its participation may occur during the receptor transport step.
CpG ODNs can be classified into 2 major classes: type A (CpG-A ODNs) and type B (CpG-B ODNs) [31] ; a previous report suggested that there is a marked difference of endosome retention time between them [32] . In general, CpG-A ODNs are effective in activating NK cells and stimulating pDCs and macrophages to produce high levels of type I IFN and inflammatory cytokines, respectively [33, 34] , whereas CpG-B ODNs primarily stimulate the proliferation of B cells and induce the activation of pDCs and monocyte/macrophages [33, 35] . The data from our studies reveal that inhibition of ARF3 suppressed the CpG ODN-mediated (both classes) production of inflammatory cytokines and IFN-β by macrophage and BMDCs, suggesting that ARF3 may act as important regulator of TLR9 signaling. To understand the regulation of ARF3 in TLR9 signaling, we delineated the sequence action of ARF3 in the TLR9 signaling pathway stepwise from the downstream immune responses to the upstream internalization of CpG ODNs. In the series of cellular and biochemical studies, our findings revealed that ARF3 functions upstream of MyD88 recruitment, and does not participate in CpG ODN uptake to regulate TLR9-driven immune responses, thus suggesting that the dominantnegative form of ARF3 can potentially impede the activation of TLR9 signaling by interfering with TLR9 trafficking from the ER to endosomes but not with CpG ODNs uptake and delivery. The cellular localization and the physiological role of ARF3 also support this implication. The trafficking of TLR9 and other intracellular TLRs from the ER to endolysosomes is facilitated by Unc93B1, a multipass transmembrane protein that resides in the ER [7, 8] . More recent evidence has demonstrated that Unc93B1 controls multiple steps involved in TLR9 trafficking, facilitating TLR9 loading into COPII vesicles to directly transport from the ER to the Golgi apparatus via the conventional secretory pathway [9, 36] . The localization and the membrane traffic route of ARF3 are similar to those of Unc93B1, which reasonably suggests that ARF3 may be involved in Unc93B1-mediated TLR9 trafficking from the ER to the Golgi. Here, we are the first to provide evidence that ARF3 is associated with Unc93B1 and TLR9, implicating ARF3 in conducting TLR9 trafficking by forming the TLR9-Unc93B1-ARF3 complex. During the TLR9 translocation process, full-length TLR9 traffics through the Golgi complex, and is routed to endolysosome compartments, where it is cleaved into functional receptors by proteases [22, 23] . This process infers a critical regulation of the receptor function. The cleaved form of TLR9 obtained through the proteolytic cleavage process in endolysosomes is required for activating signal cascades. Therefore, the localization and trafficking of TLR9 are related to a crucial regulation that determines the onset of a substantial amount of signal transduction. We elucidated that ARF3 activation is required for CpG ODN/TLR9-mediated signaling by regulating TLR9 trafficking and thus affects the formation of functional cleaved TLR9 ( fig. 7 , 8 ) .
We demonstrated that TLR9 translocation and CpG ODN-induced responses increased upon activation of ARF3 and decreased upon inhibition of ARF3 ( fig. 1-3 ,  7 , 8 ) . These results indicate that the TLR9 translocation is positively correlated with the cellular activity of ARF3. Furthermore, the treatment of cells with CpG ODN enhanced TLR9 translocation and CpG ODN-induced responses, suggesting that CpG ODN induces ARF3 activation thereby controlling TLR9 translocation. We reasoned that there is a basal level of active ARF3 that can initiate TLR9 trafficking upon CpG ODN stimulation. The presence of this basal level is supported by the fact that we were able to detect a low level of ARF3-GTP in the ARF3 activation assay ( fig. 4 ) . Furthermore, treatment with CpG ODN but not GpC ODN steadily increased the ARF3-GTP level in RAW-ARF3 cells ( fig. 4 ). Taken together, these finding strongly suggest that the basal level of active ARF3 is responsible for initiation of TLR9 trafficking, thereby inducing CpG ODN-mediated responses and ARF3 activation. The propagating ARF3 activation by CpG ODN may thus lead to a further increase of TLR9 trafficking and its responses.
In this study, we demonstrated that brefeldin A-sensitive ARF3 is involved in TLR9-mediated signaling by regulating TLR9 trafficking. We delineated the regulatory mechanism, showing that ARF3 plays a key role in the regulation of the TLR9-Unc93B1 complex, which has further implications for conducting TLR9 to pass through the Golgi complex to localize at endolysosomes via the general secretory pathway ( fig. 9 ). Understanding the regulation of TLR9 localization and trafficking will shed light on how autoimmune responses originate, and will be of importance for developing specific therapies. Discovering a new drug for ARF3 inhibition will potentiate an effective remedy in autoimmune diseases.
